We study implications of large lepton-quark-leptoquark couplings for direct leptoquark searches at Large Hadron Collider. We present all existing flavor constraints on the strength of these couplings assuming that leptoquarks under consideration interact with charged leptons and quarks of the same generation. We find that these leptoquarks can have sizeable couplings to the Standard Model fermions thus insuring a self consistency of our study. We discuss the leptoquark production mechanisms at LHC and demonstrate the importance of inclusion of a t-channel pair production and, in particular, a single leptoquark production through a recast of an existing CMS search at LHC for the second generation leptoquark. Our recast yields the best direct limit on Yukawa coupling of the second generation leptoquark that couples to a muon and a strange quark to date. * Electronic address:ilja.dorsner@ijs.si † Electronic address:svjetlana.fajfer@ijs.si ‡ Electronic address:admir.greljo@ijs.si
I. INTRODUCTION
A large number of well-motivated models that go beyond the Standard Model (SM) of elementary particle physics predicts existence of leptoquarks [1, 2] . These hypothetical particles make leptons couple directly to quarks and vice versa. The leptoquark discovery would thus signal the matter field unification. This, on the other hand, would nicely dovetail with the observed unification of weak and electromagnetic interactions.
The leptoquark properties have been extensively studied in literature. It is commonly accepted that they come in ten different multiplets [3] under the SM gauge group of SU (3) × SU (2) × U (1). One half of these multiplets is of scalar nature and the other half is of vector nature under the Lorentz transformations. In this note we investigate only scalar leptoquarks.
There are leptoquarks that can destabilize the matter if one allows for presence of all SU (3)×SU (2)×U (1) invariant tree level contractions between these fields and the SM fermions. The current experimental limits on proton decay put severe constraints on the strength of these contractions and/or the masses of associated leptoquarks. We accordingly focus in our study on those leptoquark multiplets that do not contribute to nucleon decay at tree level.
All existing accelerator searches for light leptoquarks are assumption driven. These assumptions, however, should be studied for potential flaws. Here we focus on one particular assumption we find troublesome. Namely, it is commonly assumed that the pair production of leptoquarks is purely QCD driven. Note, however, that the sizeable Yukawa couplings of the leptoquarks with the SM fermions could influence pair production as we demonstrate later on. This regime would also make single leptoquark production very relevant at Large Hadron Collider (LHC) [4] . Again, existing studies do not address this part of parameter space.
We show the implications of large Yukawa couplings for a pair production and a single production of leptoquarks at LHC. This we do through a recast of an existing CMS search for the second generation leptoquark. To be self consistent we show that the current flavor constraints do not exclude the parameter space we are interested in. Interestingly enough, our recast shows that the current LHC data place more stringent limits on the scalar leptoquarks with large couplings to the SM fermions. We find these limits to be more relevant then the limits one infers from the flavor physics measurements.
Our work is organised as follows. In Sec. II we present two leptoquark multiplets we study and discuss their couplings to the SM fermions. Leptoquark production mechanisms at LHC are discussed in Sec. III We provide relevant flavor physics constraints on the scalar leptoquark Yukawa couplings in Sec. IV. The recast of the search for the second generation leptoquark is given in Sec. V. We finally conclude in Sec. VI.
II. FRAMEWORK
The scalar leptoquark multiplets one usually finds listed in literature [3] are (3, 1, 1/3), (3, 1, 4/3), (3, 3, 1/3), (3, 2, 7/6) and (3, 2, 1/6), where we opt to denote leptoquarks via their transformation properties under the SM gauge group of SU (3) × SU (2) × U (1). Our normalization is such that Q = I 3 + Y , where Q is the electric charge, I 3 stands for appropriate eigenvalue of the diagonal generator of SU (2), and Y represents the U (1) (hyper)charge. This classification implicitly assumes the Majorana nature of neutrinos and/or kinematical inaccessibility of right-handed neutrinos. If one departs from these assumptions there is one more multiplet -(3, 1, −2/3) -that should be added to the scalar leptoquark list [5] .
The list of leptoquarks that could be potentially light is somewhat smaller in view of the current data on matter stability. Namely, there are only two scalar leptoquark multiplets -(3, 2, 7/6) and (3, 2, 1/6) -that are not dangerous for proton decay at tree level. These two multiplets can thus have sizeable Yukawa couplings to matter and be light enough to be accessible in accelerator searches. This is not to say that other scalar leptoquarks could not be light and have non negligible couplings. It is just that such scenarios require additional assumptions and/or additional supporting structures in order to be viable.
We, for definiteness, consider the SM extended with a single scalar leptoquark (LQ) representation. This LQ, for aforementioned reasons, we take to be eitherR 2 ≡ (3, 2, 1/6) or R 2 ≡ (3, 2, 7/6). (Here, we also use notation for the LQ states that was introduced in Ref. [3] .) In fact, to drive our point, we will mainly refer to a Q = 2/3 component inR 2 and a Q = 5/3 component in R 2 in this study. (Note that there is an LQ component in R 2 with Q = 2/3. Our analysis of theR 2 component with the same electric charge will be applicable to both of these leptoquarks when we discuss accelerator signatures.)
We now briefly summarize the LQ couplings ofR 2 and R 2 to the SM fermions. A particular ansatz we also introduce helps us not only to simplify our discussion but to perform self consistent recast of accelerator signatures we need to drive our point.
A. The (3, 2, 1/6) case
The only renormalizable term that describes interactions ofR 2 with matter is given by
where we explicitly show flavor indices i, j = 1, 2, 3, and SU (2) indices a, b = 1, 2. y ij are elements of an arbitrary complex 3 × 3 Yukawa coupling matrix. After expanding SU (2) indices, we obtain
where the LQ superscript denotes electric charge of a given SU (2) doublet component, and V PMNS represents Pontecorvo-Maki-Nakagawa-Sakata mixing matrix. All fields in Eq. (2) are specified in the mass eigenstate basis. We take both components ofR 2 to be degenerate in mass. (Splitting the mass degeneracy beyond the W boson mass would drastically modify the LQ phenomenology. It would allow for the decays of the heavier of two leptoquarks into a lighter LQ and a W boson. However, such splitting is inconsistent with the electroweak precision measurements as it induces violent corrections to T parameter [6] .) We furthermore take the following ansatz for Yukawa coupling matrix y:
thus couples exclusively to a charged lepton and a down-type quark of the same generation. It has, however, non-zero couplings to more than one generation of fermions at a given instant. This represents slight departure from what is usually assumed in the literature. (This is not to say that there exist no studies that investigate this possibility. See, for example, Ref. [7] .) When we present our numerical results we take the limit where only one of these couplings is dominant to simplify our discussion. This, on the other hand, will bring our study in line with current analyses one finds in literature on a single generation LQ signatures. (We defer discussion of the more general case to future publications.)
Decay width ofR
to a particular decay channel is
where m LQ is the LQ mass. Correspondingly, branching ratios are given by
We use these expressions in our numerical simulation.
B. The (3, 2, 7/6) case Yukawa couplings of R 2 to the SM fermions are
where we explicitly show flavor indices i, j = 1, 2, 3, and SU (2) indices a, b = 1, 2. y and z in Eq. (5) are a priori arbitrary complex 3 × 3 Yukawa matrices. In the mass eigenstate basis we have
where the LQ superscript denotes electric charge of a given SU (2) doublet component and V CKM represents CabibboKobayashi-Maskawa mixing matrix. Clearly, both components of R 2 have two sets of couplings to the SM fermions.
(We take both of these components to be degenerate in mass.) These, on the other hand, are not connected via observed mixing matrices. This makes a self consistent analysis of accelerator signatures of R 2 rather difficult. In what follows we investigate a particular case of R
5/3 2
production at LHC when y ij = δ ij y i and z ij = 0, i, j = 1, 2, 3. This is more in line with what is usually studied in literature.
III. LEPTOQUARK PRODUCTION MECHANISM AT LHC
We want to demonstrate that the leptoquark production at LHC is not driven solely by QCD induced pair production. It can be substantially influenced by the presence of relatively large Yukawa couplings of leptoquarks to the SM fermions. Moreover, if these couplings are taken to be large one also needs to take into consideration a single leptoquark production [4] and a t-channel leptoquark pair production.
We first show complete set of Feynman diagrams, at leading-order, that are relevant for a single leptoquark production of R 2 ) production. We next show Feynman diagrams that depict the LQ pair production in Fig. 2 . The QCD diagrams that contribute to a leptoquark pair production at LHC are numerous. We opt to show a representative diagram for gluon fusion in Fig. 2 (left panel). There is, on the other hand, only one type of the Yukawa coupling contribution to the leptoquark pair production and it corresponds to a t-channel process we show in Fig. 2 (right panel). The important point to notice is that the amplitude that corresponds to a t-channel is proportional to a square of absolute value of the relevant Yukawa coupling. This makes it especially relevant in the limit of large Yukawas.
One can consider the leptoquark pair production to have three distinct regions. For small Yukawa couplings the total cross section is purely QCD driven. For intermediate Yukawas there exists a region with a negative interference between the QCD diagrams and the t-channel diagram, where the total cross section can be decreased by up to 15% depending on the quark type (u, d, and s), mass of the leptoquark (m LQ ) and strength of the coupling (y i ). Finally, there is the region of large Yukawas where the t-channel contribution not only dominates the QCD one but significantly enhances the total cross section. We are particularly interested in that region.
In the following, we calculate the leading-order (LO) production cross sections using MadGraph 5, v1.5.11 [8] after implementing the LQ models in FeynRules v1.6.16 [9] as introduced in Sec. II. The calculations are performed for √ s = 8 TeV proton-proton center of mass energy using fixed renormalization (µ R ) and factorization (µ F ) scales set to µ R = µ F = m LQ /2. The cross section for the single LQ production takes the following form,
where the coefficient a(m LQ ) depends on the leptoquark mass but not on its coupling to the SM fermions. Therefore, we calculate the cross section for p p → LQ q i together with p p → LQ q i for several m LQ choices while setting the coupling y i to one, i.e, y i = 1. We find the functional dependence a(m LQ ) by using the appropriate interpolation. Analogously, the cross section for the leptoquark pair production is assumed to take the form,
where the three terms correspond to the QCD pair production, an interference term and a t-channel production, respectively. In order to obtain the proper functional dependence, we calculate the cross section for a given m LQ for three values of the y i coupling and solve for the coefficients. We repeat this at several mass points and use the appropriate interpolation.
The final results are shown in Fig. 3 in terms of contours of constant cross section in the (m LQ , |y i |) plane. We give separate predictions for y ue , y de and y sµ couplings. To avoid any potential confusion we explicitly write y 1 = y ue in Fig. 3 when we plot the impact of Yukawa coupling of R
5/3 2
with an electron and an up-quark on total cross section. In case ofR 2/3 2 we separately consider contributions from y 1 = y de and y 2 = y sµ . The contours of constant cross section in Fig. 3 for the single leptoquark production are shown in solid lines, while the contours for the leptoquark pair production are shown in dotted lines.
The leptoquark pair production is clearly fixed by the QCD pair production for small Yukawa couplings. This behavior corresponds to a region where dotted lines run vertically in Fig. 3 . However, in the large coupling regime, the total cross section can be significantly enhanced by the t-channel contribution. (Note the negative interference between the s-and the t-channels in a transition region.) The leptoquark single production, on the other hand, vanishes completely in the zero coupling limit. However, due to the final state phase space, it drops less rapidly with larger LQ masses compared to the LQ pair production. In other words, the contributions from this production mechanism become increasingly important at larger LQ masses. Note that the relative strengths of two cross sections depend on the parton distribution functions of the initial state partons. Namely, the largest effects are seen for the y ue case, while the smallest effect are seen for the y sµ case.
To sum up, the contributions from the additional production mechanism seem to have dramatic impact on the leptoquark phenomenology at the LHC. Although the conclusions made here are based solely on the cross section calculations we show that this also holds at the level of analysis in Sec. V. Interestingly enough, the recast of the existing CMS search for second generation leptoquarks yields an improved constraint on the LQ parameter space. Such analysis would be even more important for the first generation leptoquarks in view of preceding discussion.
Before we present the recast, it remains to be seen whether large Yukawa couplings are allowed by existing flavor physics measurements. We discuss this question in the next section.
IV. FLAVOR CONSTRAINTS
We pursue a simplified scenario where only one diagonal element in y for eitherR dominates. We now show that this approach is consistent with constraints from flavor physics. We furthermore demonstrate that this is the only viable scenario whenever one investigates regime of large Yukawa couplings forR 2/3 2 leptoquark. More precisely, the leptoquark production mechanism effects we discuss in Sec. III do not involve y 3 coupling at all due to the particularities of the proton composition. We thus neglect it in what follows and only investigate constraints on |y 1 |, |y 2 | and a |y 1 y * 2 | product forR originates from D 0 → µ − e + and is rather weak. We also find |y sµ | not to be constrained by any experimental data from flavor physics including g − 2 of muon. Coupling |y cµ | of R 2 , on the other hand, is slightly constrained by data on g − 2 of muon but it can still be of the order of unity for experimentally viable leptoquark masses. We discuss these constraints in what follows in more detail.
A. Atomic parity violation (APV)
The effective Lagrangian leading to APV, below electroweak scale, can be written as in Ref. [10] :
Within the SM the Z 0 boson exchange leads to the following coefficients: C SM 1u = −1/2 + 4/3 sin 2 θ W and C SM 1d = 1/2−2/3 sin 2 θ W . The higher-order corrections within the SM are determined in Refs. [11, 12] enabling one to generate very precise constraints on the potential contributions from new physics. APV is dependent on the nuclear weak charge defined as
, where C 1u = C SM 1u + δC 1u and C 1d = C SM 1d + δC 1d . δC 1u (δC 1u ) is the new physics contribution generated by the presence of R 2 ). Here, Z represents atomic number and N stands for neutron number.
The experimentally extracted value Q W (Cs) = −73.20(35) for the cesium atom ( 133 Cs) [13, 14] is in very good agreement with the SM result Q W (Cs) = −73.15(35) [15] . This gives a tight constraint on the effective coefficients δC 1u and δC 1d that, for the LQ contribution, read
This translates into the following limits on |y de | and |y ue | if one requires a 2 σ agreement with the experimental measurement of Q W (Cs):
The bounds presented in Eq. (11) are extracted under the assumption that only one of the two contributions is present at a given moment. This assumption cannot be realised if one considers R 2 leptoquark and takes z 11 = 0. (See Eq. (6) for details.) Note, however, that it is not possible to cancel δC 1u against δC 1d or vice versa. This means that the upper bounds presented in Eq. (11) are applicable in the most general case. We accordingly use these bounds to exclude shaded regions in two upper panels in Fig 3. B.
The diagonal couplings ofR 2/3 2 enter at the tree level into the lepton flavor violating K L → µ − e + decay amplitude. Following Ref. [16] one can write down the decay width:
Using lattice QCD result f K = 156.1(0.8) MeV [17] and BR(K L → µ ± e ∓ ) < 4.7 × 10 −12 [18] , we derive the following bound
(13)
The diagonal couplings of R
5/3 2
to the SM fermions enter at the tree level into the lepton flavor violating D 0 → µ − e + decay amplitude. The decay width reads
Using lattice QCD result f D = 209.2 MeV [19] and taking BR(D 0 → µ ± e ∓ ) < 2.6 × 10 −7 [18] , we find the following bound
(15)
coupling y sµ can, in principle, contribute to the muon g − 2 with a leptoquark and a strange quark within the loop. However, following Refs. [16, 20, 21] , it is easy to show that the muon g − 2 anomaly does not constrain y sµ at all. This is due to a smallness of the strange quark mass and a substantial cancellations of the two relevant contributions that enter into a shift of the muon anomalous moment with respect to the SM value. The electric charge of R 5/3 2 , on the other hand, does not allow for the aforementioned cancellation. The consequence of that is a mild constraint on |y cµ |/m LQ that reads [21] 
The preceding discussion basically demonstrates that if one takes y sµ to be large, i.e., an order one quantity, then y de has to be very small in order to satisfy Eq. (13) . (The situation with the R 5/3 2 couplings is somewhat more involved. The flavor physics constraints allow for y ue and y cµ to simultaneously be of relatively large value.) This simply means that we can consistently set to zero y de as we concentrate on the study of the effects of large y sµ . Our recast of the second generation leptoquark search by the CMS collaboration is thus self consistent and well justified in that regime. We turn to it in the next section.
V. RECASTING THE CMS SEARCH FOR THE SECOND GENERATION LEPTOQUARKS
Recently, the CMS collaboration has reported a search for the second generation scalar leptoquarks based on 19.6 fb −1 of data at √ s = 8 TeV proton-proton center of mass energy [22] . The underling assumption is that the Signal yield < at 95% CL 34 9.8 5.6 3.5 1.8 Table I . Final selection cuts as used by the CMS collaboration. The cuts are optimized for the QCD pair production and depend on the leptoquark mass hypothesis. The last raw shows the observed 95% CL upper limit on the allowed signal yield after final selection cuts applied [22] .
corresponding µ-LQ-s coupling, i.e., y sµ , is small. The LQ pair production is thus completely fixed by QCD as discussed before. Recalling the results of Sec. III, we relax this assumption and study the impact of large y sµ coupling on the existing experimental search. In particular, large coupling leads to substantial signal yield from t-channel leptoquark pair production as well as single leptoquark production, thus, providing the more restrictive constraints on the LQ masses. In the following, we recast the CMS search reported in [22] in order to set an improved limits on the second generation scalar leptoquark parameter space.
Here we outline the details of our analysis. We use FeynRules v1.6.16 [9] to implement the model containing (3, 2, 1/6) scalar representation and the interactions defined by the Lagrangian in Eq. (2). We use MadGraph 5 v1.5.11 [8] 
2 µ − processes, followed by the leptoquark decays to a muon and a strange quark. The decay branching ratio is taken to be β 2 = 1, which is in line with our assumption of a single large coupling and is also consistent with the flavor physics constraints we present in Sec. IV. The next-to-leading order QCD corrections to the LQ pair production are shown to substantially enhance the tree level cross section [23] . However, the analysis conducted here is based on LO calculations. This makes exclusion limits we present conservative. In order to partially account for large corrections, we fix the factorization and renormalization scales to µ F = µ R = m LQ /2. We simulate showering and hadronization effects using Pythia v6.426 [24] . As a detector simulator we chose the default implementation of the CMS detector in Delphes v3.0.9 [25] . In addition, we have modified the default implementation by switching to the anti-k T jet algorithm with distance parameter R = 0.5, and by changing the muon isolation criteria in accordance with [22] .
We adopt the following preselection cuts [22]:
• We require at least two muons with p T > 45 GeV and |η| < 2.1. Two muons with the highest p T are required to have spatial separation ∆R > 0.3 and invariant mass > 50 GeV;
• We require at least two jets with p T > 45 GeV and |η| < 2.4 and ∆R > 0.3 spatial separation from muon candidates. The leading jet p T is required to be > 125 GeV;
• The scalar sum of the transverse momenta (S T ) of two leading p T muons and two leading p T jets is required to be S T > 300 GeV.
The final selection cuts are applied on the following three variables: (i) the invariant mass of the dimuon pair (M µµ ), (ii) the scalar sum of the transverse momenta of the two leading p T muons and the two leading p T jets (S T ) and (iii) the smallest of the two muon-jet invariant masses that minimizes the leptoquark mass difference (M min (µ, j)). The final cuts used by the CMS collaboration are reported in Table I . These are optimized for the QCD pair production and depend on the leptoquark mass hypothesis. In order to illustrate the impact of the final selection cuts in the large coupling regime we plot in Fig. 4 the signal events distributions in S T and M min (µ, j) variables after the application of preselection cuts only. Here, we choose leptoquark mass to be m LQ = 1 TeV which is close to a present exclusion limit. The signal yield from the QCD pair production is show in dark-brown thick line. As expected, the distributions in S T variable tend to peak for S T ∼ 2m LQ , while the distributions in M min (µ, j) variable peak at M min (µ, j) ∼ m LQ . In light-brow thin lines, we show the contribution due to leptoquark pair production for the value of the coupling set to y 2 = 3.0. The integrated signal yield is larger compared to the previous case due to additional contributions from the t-channel diagrams. Unfortunately, the events tend to populate slightly lower S T and M min (µ, j) parameter regions. Finally, we show the contributions from a single leptoquark production for the coupling y 2 = 3.0 in black thin lines. While the integrated signal yield is significantly larger with respect to previous cases, the events tend to have considerable smaller S T and M min (µ, j) values. Obviously, the variable M min (µ, j) is efficient only in the presence of leptoquark pair decaying to a final state particles. Furthermore, we have checked that the muon coming from the production tends to have considerable smaller p T with respect to the muon coming from the leptoquark decay. The same holds for the second leading p T jet, likely originating from the real QCD radiation, compared to the leading p T Pair LQ production: y2 . Table II . The signal yields obtained from the simulation after final selection cuts are applied. The predictions are shown as the sum of the pair production and the single production contributions, respectively. The points in parameter space spanned by y2 ≡ ysµ and mLQ shown in bold are excluded by the existing data. See the text for details.
jet, likely coming from the decay. This explains the softer distributions in the S T variable. Conclusively, applying the appropriate final selection cuts from Table I , the majority of the signal is lost. Nevertheless, we do not aim here to optimise the search for the single LQ production, but rather to illustrate the importance of including it. We keep the cuts as used by the CMS collaboration in order to rely on the official background predictions. We present the results of our simulation in Table II . In particular, we show the signal event yields for certain choices of coupling y 2 ≡ y sµ and leptoquark mass m LQ . The predictions are given as the sum of the two numbers representing the individual contributions from leptoquark pair and single production, respectively. We have checked that our predictions for LQ pair production for small couplings agree well with the results reported in Table 4 of [22] after using the next-to-leading order QCD corrected cross sections. This serves as an important cross-check of our simulation procedure. The main observation at this point is that, for large values of the coupling y 2 , the contributions from the t-channel pair production and, particularly, single LQ production become important. Moreover, the latter process is especially relevant for larger LQ masses due to the phase space suppression in pair production as discussed before. The point made here gains on importance as our recast sets stronger exclusion limits on LQ parameter space.
We finally translate the predictions for signal yields from Table II into the exclusions in (m LQ , y sµ ) plane. Here we rely on the official statistical analysis performed by the collaboration. In particular, the observed 95% CL upper limit on the allowed signal yields after final selection cuts applied are shown in the last raw of Table I . These are obtained by rescaling the observed 95% CL upper limits on the production cross sections as reported in the Fig. 8 of [22] . The rescaling factors are the signal event yields reported in Table 4 (m LQ , y sµ ) plane excluded at 95% CL by the existing LHC data is shown in grey. The signal yield as a function of the coupling and mass, i.e., N evs (m LQ , y sµ ), is obtained after interpolating over the points shown in Table II . The excluded region corresponds to the points for which N evs (m LQ , y sµ ) is greater than the appropriate value reported in Table I . As advocated before, the limits on the LQ masses are more stringent for larger values of µ-LQ-s coupling.
VI. CONCLUSIONS
We study a pair production and a single production of leptoquarks in the regime when leptoquarks couple strongly to a charged lepton and a quark of the same generation. This we do for two particular leptoquarks that do not cause proton decay at tree level. We also discuss existing flavor constraints on the strength of the relevant Yukawa couplings and show that the regime we are interested in is viable with respect to experimental measurements.
We demonstrate the importance of inclusion of the single leptoquark production and the t-channel pair production through a recast of an existing CMS search at LHC for the second generation leptoquark that couples to a muon and a strange quark. The recast yields the best limit on the Yukawa coupling and mass of the second generation leptoquark to date.
As the exclusion limits on the leptoquark masses approach TeV scale, the relative importance of the single leptoquark production over the pair production significantly increases. We therefore strongly suggest future experimental searches along these lines.
